Epidemiological data have implicated the pituitary gonadotropin follicle stimulating hormone (FSH) as both a risk factor for and a protective agent against epithelial ovarian cancer. Yet, little is known about how this hormone could play such opposing roles in ovarian carcinogenesis. Complementary DNA microarrays containing 2400 named genes were used to examine FSHinduced gene expression changes in ovarian cancer (OC) and immortalized normal human ovarian surface epithelial (HOSE) cell lines. Two-way t-statistics analyses of array data identified two distinct sets of FSH-regulated genes in HOSE and in established OC cell lines established from patients (OVCA cell lines). Among the HOSE cell lines, FSH increased expression of 57% of the 312 genes and downregulated 43%. In contrast, FSH diminished expression of 92% of the 177 genes in the OVCA cell lines. All but 18 of the genes affected by FSH in HOSE cell lines were different from those altered in OVCA cell lines. Among the 18 overlapping genes, nine genes exhibited the same direction of change following FSH challenge, while the other nine showed discordance in response between HOSE and OVCA cell lines. The FSH-induced differential expression of seven out of nine genes was confirmed by real-time RT-PCR. Gene-specific antisense oligonuleotides (ODNs) were used to inhibit the expression of genes encoding GTPase activating protein (rap1GAP), neogenin, and restin in HOSE and OVCA cells. Antisense ODNs to neogenin and restin, but not an antisense ODN to rap1GAP, were effective in inhibiting OVCA cell growth, diminishing proliferating cell nuclear antigen expression, and increasing caspase 3 activities. Furthermore, the ODN to rap1GAP was further shown to be ineffective in altering migration properties of OVCA cell lines. HOSE cell proliferation was not affected by treatment with any of the antisense ODNs. In summary, gene profiling data reveal for the first time that FSH may exert different biological actions on OVCA cells than on HOSE cells, by differential regulation of a set of putative oncogenes/tumor suppressors. Specifically, neogenin and restin were found to exhibit proproliferation/survival action on OC cells.
Introduction
In the United States, ovarian cancer (OC) is the second most common cancer of the female reproductive system and the leading cause of death from gynecologic neoplasms (Holschneider and Berek, 2000) . Each year, an estimated 23 100 US women are diagnosed with OC, and 14 000 die from the disease (Holschneider and Berek, 2000) . Most ovarian tumors arise from the human ovarian surface epithelium (HOSE), which is a simple squamous-to-cuboidal mesothelium covering the ovary (Gillett et al., 1999) , or from invaginations of this lining into the superficial ovarian cortex to form cortical inclusion cysts (Feeley and Wells, 2001) . During each menstrual cycle, the HOSE is ruptured at the site of ovulation and subsequently repaired via cell proliferation. The latter process is believed to be regulated by multiple reproductive hormones including gonadotropins (Auersperg et al., 2001) .
The pathogenesis of ovarian carcinoma remains unclear. Higher levels of gonadotropins after menopause are associated with an increased incidence of OC in perimenopausal and postmenopausal women (Hamilton, 1992; Godwin et al., 1993; Heizisouer et al., 1995; Konishi et al., 1999; Rao and Slotman, 1999; Shushan et al., 1996; Zheng et al., 2000) . Increased occurrence of OC has also been reported in women using gonadotropin-based fertility drugs (Whittemore et al., 1992; Shushan et al., 1996; Risch, 1998) . Conversely, women who take acetaminophen as a pain-relief medicine have been found to have lower basal levels of gonadotropins and reduced OC risk (Cramer et al., 1998) . Clinical trials using LHRH agonist to suppress endogenous gonadotropins produced conflicting results, with some studies reporting no relevant beneficial effects (Erickson et al., 1994; Emons et al., 1996) and others suggesting increased long-term survival in individual patients cotreated with tamoxifen (Hofstra et al., 1999) . Furthermore, patients with OC, when compared to cancer-free patients, were found to have elevated levels of gonadotropins and ovarian hormones in their peritoneal fluid (Halperin et al., 1999) . Receptors for follicle-stimulating hormone (FSH) were detected in some OC/HOSE cell lines (Zheng et al., 1996; Mandai et al., 1997; Parrott et al., 2001; Syed et al., 2001 ) but were absent from others (Ala-Fossi et al., 1999) . Treatment of normal and malignant HOSE cells with gonadotropins, particularly FSH, demonstrated efficacy in stimulating cell proliferation in some cell lines (Zheng et al., 2000; Syed et al., 2001 ) but was either noneffective (Ala-Fossi et al., 1999) or inhibitory (Ivarsson et al., 2001) for other cell lines. Taken together, the aforementioned findings generally support the hypothesis that elevated gonadotropin levels, via enhancement of cell proliferation in the HOSE cell population, favor accumulation of genetic errors and neoplastic transformation (Konishi et al., 1999; Holschneider and Berek, 2000; Feeley and Wells, 2001 ). Nevertheless, a portion of the literature argues against an association between high gonadotropin levels and increased OC risk.
In the present study, the gene expressions of two types of cell lines were compared to gain insight into the process of neoplastic transformation and the role of FSH: (1) normal immortalized HOSE cell lines that exhibited uniform epithelial-like morphology, were immunopositive for cytokeratins K7, K8, K18, and K19, immunonegative for vimentin, expressed no CA-125, and were nontumorigenic in nude mice (Taso et al., 1995) and (2) OVCA cell lines derived from patients with late-stage serous ovarian adenocarcinomas (Bast et al., 1981) .
Although several studies have demonstrated the utility of microarray technology in identifying novel molecular markers for OC Wang et al., 1999; Ismail et al., 2000; Ono et al., 2000; Hough et al., 2001; Shridhar et al., 2001; Welsh et al., 2001) , this methodology has not been exploited in unraveling the role of hormones in ovarian carcinogenesis. We here employed a cDNA microarray containing 2400 named genes to profile gene expression changes induced by FSH in HOSE and OC cell lines in an effort to ascertain differential responses between normal and malignant HOSE cells to hormone stimulation. Results from this study have provided new insights into the role of FSH in ovarian carcinogenesis.
Results

Identification of genes whose expression was altered in all HOSE and OVCA cell lines following FSH treatment
Gene expression profiles in the three HOSE cell lines before hormone treatment were compared to those observed in the same lines after 5 days of FSH treatment with individual microarray analyses. Similarly, microarray analyses were conducted to profile gene expression changes in the OVCA cell lines following FSH treatment. In this study, each cell line was microarrayed three times using three different mRNA samples. Gene expression levels in untreated cultures were plotted against those found in FSH-treated cell cultures as scatterplots (data not shown), and the Pearson correlation coefficient r for each comparison was calculated: r ¼ 0.69 for HOSE 642, r ¼ 0.68 for HOSE 6-8, r ¼ 0.63 for HOSE 12-12, r ¼ 0.71 for OVCA 420, r ¼ 0.74 for OVCA 429, and r ¼ 0.53 for OVCA 432. These values indicated that the majority of the 2400 genes showed no FSH-regulated gene expression in ovarian surface epithelium S-M Ho et al change in their levels of expression following FSH treatment. However, the sets of genes whose expression was altered in all three HOSE cell lines or in all three OVCA cell lines were identified by t-statistics analyses (Callow et al., 2000) . The probability, P-value, for each gene was also calculated to determine whether differential expression of a gene was due to FSH or to random or systematic variations. Genes with an absolute t-score above 2.0 and a P-value below 0.05 were considered differentially expressed with statistical significance in HOSE or in OVCA cell lines under the influence of FSH. A total of 312 genes were differentially expressed in all three immortalized HOSE cell lines after FSH treatment, and 192 genes were identified as having been changed in all three OVCA cell lines after FSH exposure ( Figure 1a) . Interestingly, between these two sets of genes, only 18 were found in both sets, that is, exhibited altered expression in all six cell lines (normal immortalized and malignant) following FSH treatment.
Among the 312 genes whose expression changed following FSH treatment of HOSE cell lines, 177 (57%) genes were upregulated, and 135 (43%) genes were downregulated (Figure 1b) . In marked contrast, of the 192 genes whose expression was affected by FSH in OVCA cell lines (Figure 1b) , only 15 (8%) were upregulated and 177 (92%) were downregulated. The genes that were differentially regulated by FSH in the three OVCA cell lines could be categorized into 16 groups ( Figure 1c ). They included genes encoding cell surface antigens, oncogenes, tumor suppressors, binding proteins, membrane proteins, structural proteins, transport proteins, ribosomal proteins, receptors and transcription factors, as well as genes involved in apoptosis, cell adhesion, cell cycle, protein synthesis, and signal transduction (Figure 1c) .
Among the 18 genes whose expression was changed by FSH in all six cell lines, nine genes were found to be regulated in the same manner by the hormone in both HOSE and OVCA cells, with six genes showing enhanced expression and three exhibiting reduced expression after FSH treatment (Table 1) . Nevertheless, the remaining nine genes showed discordance in FSHregulated expression between HOSE and OVCA cell lines. In almost all cases, FSH stimulated gene expression in HOSE cell lines but caused reduced gene expression in OVCA cells. The fold-decrease or foldincrease as well as the t-and P -values for these 18 genes are listed in Table 1 .
Comparison of gene expression between HOSE and OVCA cell cultures and confirmation of opposite direction of regulation by FSH in normal and malignant cell lines
Our microarray experiments identified a total of nine genes whose expression was upregulated by FSH in HOSE cell lines but downregulated by the hormone in OVCA cell lines. This set of genes was selected for further post hoc analyses by quantitative real-time RT-PCR to (1) determine whether they are differentially expressed between the normal and malignant cell lines, and (2) confirm the discordance in regulation by FSH. The nine genes were those encoding GTPase activating protein (rap1GAP), neogenin, restin, heat shock factor-2, protein phosphatase inhibitor-2, N-methyl-daspartate (NMDA) receptor 2A, ATP-dependent RNA helicase, carcinoembryonic antigen, and PLSTIRE for serine/threonin protein. Based on whether these genes (Figure 3 ). Significant elevations in neogenin and restin gene expression were observed in the three HOSE cell lines exposed to FSH, Figure 2 Real-time RT-PCR analysis of rap1GAP, heat shock factor-2, and protein phosphatase inhibitor-2 mRNAs in normal immortalized HOSE cell lines (HOSE 642, and OC cell lines (OVCA 420, OVCA 429, and OVCA 432) . Cells were treated as described in Material and methods, with FSH (10 À8 m) in the absence (black bar) or presence of PKA inhibitor, H89 (10 À5 m, diagonal hatched bar). The control cells were treated with vehicle (open bar). To amplify rap1GAP, the primers used were TGGACT-CAGAGGGAACAAGC (forward) and TGTAGCAGACATGCC-CAGAG (reverse). To amplify heat shock factor-2, the primers used were GACCCAGATCTCCTGGTTGA (forward) and CAA-GAAGTCGAAAGGCGGTA (reverse) and for phosphatase inhibitor-2 they were ATCTTGGCGACGTATCATCC (forward) and TACTTTGGCTCCAAGCCTTC (reverse). The intensity of PCR product was normalized to the intensity of GAPDH and shown in the figure PKA inhibitor alone exerted no effect on cell proliferation in these cell lines (results not shown).
Genes encoding NMDA receptor 2A and ATP-dependent ATP helicase were expressed at comparable levels in HOSE and OVCA cell lines, and their regulation by FSH showed discordance between HOSE and OVCA cell lines No significant differences were found in basal expression levels of NMDA receptor 2 (Figure 4 ), ATP-dependent Figure 3 Real-time RT-PCR analysis of neogenin and restin mRNAs in normal immortalized HOSE cell lines (HOSE 642, and OC cell lines (OVCA 420, OVCA 429, and OVCA 432) . Cells were treated with FSH (10 À8 m) in the absence (black bar) or presence of PKA inhibitor H89 (10 À5 m, diagonal hatched bar). The control cells were treated vehicle (open bar). To amplify neogenin, the primers used were AAACCAACATCCCAGCAAAC (forward) and AGTCA-CATCCTTGGGTGGAG (reverse), and for restin the forward primer was TGCTGGACACAGAGGACAAG and the reverse primer was TGCATTTGTTTGCTTGGTGT. The intensity of PCR product was normalized to the intensity of GAPDH and shown in the figure However, we were unable to demonstrate differential expression of carcinoembryonic antigen or PLSTIRE for serine/threonin protein gene expression after treatment of HOSE or OVCA cells with FSH or FSH plus H89 (data not shown). Therefore, the differential expression detected by the microarray analyses for these two genes might represent false-positive results of microarray analyses.
Antisense ODN-mediated downregulation of neogenin and restin mRNA levels are associated with reduced cell growth in OVCA cell lines, but not in HOSE cell lines HOSE and OVCA cell lines were exposed to genespecific sense and antisense ODNs for neogenin, restin, and rap1GAP. Transcription of all three genes was downregulated in a dose-dependent manner in HOSE and OVCA cell lines exposed to their respective antisense ODNs (Figure 5a, b) , while exposure of cell lines to the corresponding sense+antisense ODN mixtures produced no effects. In parallel, OVCA cell lines treated with antisense ODNs for neogenin or restin, but not for rap1GAP, exhibited a marked dosedependent reduction in cell growth as measured by direct cell counts, MTS assay (Figure 5d ), and PCNA mRNA expression (Figure 6a) , when compared to cell cultures either not exposed to ODNs or to a combination of sense+antisense ODNs. In contrast to responses observed in OVCA cell lines, exposure of HOSE cell lines to antisense and combined sense+antisense ODNs of neogenin, restin, and rap1GAP caused no reduction in cell growth (Figure 5c ). In order to provide evidence that the decreased numbers of cells in antisense-treated OVCA cell lines were because of induction of apoptosis, caspase 3 activity was measured (Figure 6b) . Treatment of OVCA cell lines with antisense ODNs of restin or neogenin resulted in significant, dose-dependent increases in caspase 3 activity; no effects were produced by treatment with sense+antisense ODNs (Figure 6b) . Treatment of OVCA cell cultures with antisense or sense+antisense ODNs of rap1GAP induced no changes in either cell number (Figure 6a ) or caspase 3 activity in OVCA cell lines (data not shown).
Since antisense ODNs to rap1GAP produced no reduction in cell number in OVCA cell cultures, we performed a Matrigel Invasion Assay to test whether it might affect cell migration properties in these cell lines. OVCA cell lines treated with antisense ODNs of rap1GAP showed no discernable differences in their migration efficiencies through Matrigel.
Discussion
In the present study, we used cDNA expression array analysis to identify FSH-regulated genes in three immortalized normal HOSE cell lines and in three OVCA cell lines. One major challenge facing cDNA microarray studies is the appropriate use of algorithms in analysing results. Many studies used two-or threefold up-or downregulation as arbitrary cutoffs to identify genes of interest (Lee et al., 1999 Cao et al., 2001) . The major drawback of this approach is that genes that exhibited changes of less than 200-300% would not be recognized as differentially expressed. The approach presents a bias towards genes with higher degrees of differential expression and will miss genes that show consistent but smaller degrees of changes. Other published studies used pairwise comparisons of fold changes to set cutoffs (Lee et al., 1999 Cao et al., 2001) . This statistical method provides some statistic power but has limitations related to its inability to take into consideration variations among the replicates. The t-statistics used in this study is a more robust algorithm that takes into consideration individual variations of the repeats (Callow et al., 2000) . Effect of antisense ODNs of neogenin, restin, and rap1GAP on growth and mRNA expression of HOSE and OVCA cells. Cultured HOSE and OVCA cells treated with LipofectAMINE PLUS alone (control), sense and antisense ODNs (5 mm sense+5 mm antisense), or different concentrations of ODNs (1.25, 2.5 and 5 mm) for 48 h. (a) Dose-dependent effect of neogenin, restin, and rap1GAP antisense treatment on HOSE cells expression of neogenin, restin, and rap1GAP mRNA. LipofectAMINE PLUS alone (control), sense and antisense ODNs (5 mm sense+5 mm antisense), or different concentrations of ODNs (1.25, 2.5, and 5 mm). (b) Dose-dependent effect of neogenin, restin, and rap1GAP antisense treatment on OVCA cells expression of neogenin, restin, and rap1GAP mRNA. LipofectAMINE PLUS alone (control), sense and antisense ODNs (5 mm sense+5 mm antisense), or different concentrations of ODNs (1.25, 2.5, and 5 mm). (c) Cell growth was quantified by MTS assay. Sequencespecific, dose-dependent effect of neogenin, restin, and rap1GAP antisense treatment on HOSE (HOSE 642, Using this approach, we were able to identify confidently gene expression changes smaller than onefold. The principal finding of this investigation was that the gonadotropin apparently regulated one set of genes (total ¼ 312) in the HOSE cell lines and an almost entirely different set of genes (total ¼ 192) in the OVCA cell lines. It is also worth mentioning that only 18 genes were common to both gene sets. These findings strongly suggest that FSH exerts very different biological effects on normal HOSE cells than it does on OC cells. Among the 312 genes affected by FSH in the three HOSE cell lines, nearly half were upregulated and the other half downregulated. In sharp contrast, FSH caused downregulation of about 92% of the 194 genes affected by the hormone in the OVCA cell lines. Furthermore, it was of interest that most of the genes reported to be affected by FSH in our study have never been identified as FSHregulated genes in the past. Between the two sets, only 18 genes were commonly affected by FSH in all six (three HOSE and three OVCA) cell lines, and they fell into two categories. The first category contains nine genes whose expression was up-or downregulated by FSH in the same direction between HOSE and OVCA cell lines. We believe these genes are normally under FSH regulation and may have less relevance to ovarian carcinogenesis. In contrast, the other category of genes, whose expression exhibited the opposite direction of change, dependent on whether the cell type being challenged by FSH was normal or malignant, may have high significance to ovarian carcinogenesis. For this reason, we have focused our post hoc analyses only on the second category of genes in an attempt to demonstrate definitively the discordance in FSH regulation between normal and malignant HOSE cell lines. One of the nine genes upregulated by FSH in HOSE cells but downregulated by the hormone in OVCA cells is rap1GAP, a purported tumor suppressor gene (Tsukamoto et al., 1999) . It is a member of the RAS family of small GTPase and is mapped to chromosomal region 1p36.1-35. rap1GAP has been shown to be activated by cAMP and phosphataselipase C pathways and is likely to be associated with adhesion, cellular growth, and/or differentiation (Altschuler et al., 1995; Vossler et al., 1997; Tsukamoto et al., 1999) . We demonstrated a loss of expression of this putative tumor suppressor in OVCA cells when compared to HOSE cells. These results are in accordance with the premise that rap1Gap is a tumor suppressor in OC cells. Furthermore, the reduction of rap1GAP mRNA expression in OVCA cell lines exposed to FSH agrees with the hypothesis that FSH is a risk factor for OC. Intriguingly, we found marked upregulation of rap1-GAP expression in HOSE cell lines following FSH exposure. Since rap1GAP is required for the adherence and spreading of cells (Wani et al., 1997) , it is logical to speculate that after ovulation, the normal ovarian surface epithelium rapidly initiates the wound-healing process, which may involve FSH-induced upregulation of rap1GAP. The fact that antisense ODN against rap1GAP has no effect on the growth of HOSE or OVCA cells agrees with the known function of rap1GAP: that this molecule controls cell motility and focal adhesions rather than cell proliferation (Itoh et al., 1999) . However, since antisense ODN to rap1GAP showed no effect on OVCA cell migration through Matrigel, it remains to be determined whether this putative tumor suppressor gene may have effects other than regulation of cell proliferation and migration in these OC cell lines. We have preliminary data to show that rap1GAP may affect invasiveness of SKOV3, a more aggressive OC cell line.
Another gene that is underexpressed in OVCA cells when compared to HOSE cells is heat shock factor-2. Its expression is stimulated by FSH in HOSE cells but inhibited in OVCA cells. It has been shown that exposure of cells to stresses such as heat shock and oxidative injuries causes an imbalance in protein metabolism, to which the cells respond by co-expressing a family of heat shock factors (HSF1, HSF2, HSF3, and HSF4). Unlike other HSFs, HSF-2 is not activated in response to heat or most other forms of cellular stresses (Marimoto et al., 1994) but is activated when the ubiquitin-proteasome pathway is inhibited (Mathew et al., 1998) . The downstream effect of HSF-2 is the induction of an array of heat shock genes that protect the integrity of the protein synthesis, folding, assembly, and degradation machinery (Marimoto et al., 1994) . Members of the heat shock protein family have been implicated in cancer (Fuqua et al., 1994; Conroy and Latchman, 1996) . The FSH-induced upregulation of heat shock factor-2 in normal HOSE cells may again be related to the wound-healing process after ovulation. However, in contrast, heat shock factor-2 expression is diminished in OVCA cells and further downregulated by FSH exposure. Reduction in its expression would undoubtedly diminish the potential for OVCA cells to maintain protein fidelity during environmental or physiological stress. Further reduction in its expression by FSH likely exacerbates the adverse situation. Together, these may form an epigenetic basis of tumor progression.
Similar to rap1GAP and heat shock factor-2, protein phosphatase inhibitor-2 is underexpressed in OVCA cell lines compared to HOSE cell lines. FSH stimulated its expression in HOSE cells but inhibited expression in OVCA cells. Many physiological processes in mammalian cells are controlled by reversible protein phosphorylation, which is maintained by a rapid and precise regulation of the activities of various kinases and phosphatases (Oliver and Shenolikar, 1998). The activation of kinases is coordinated within the cell by the inhibition of phosphatases via phosphatase inhibitors (Oliver and Shenolikar, 1998) . In vitro studies suggested that inhibitor-2 inhibits protein phosphatase activity and promotes a rapid and effective refolding of protein, yielding an active enzyme (Oliver and Shenolikar, 1998). In normal HOSE cells, FSH serves as a potent stimulator of inhibitor-2, which may be required during ovulation or postovulation HOSE cell function. On the other hand, a strong link between protein phosphatase inhibitor-2 and tumorigenesis and/or viral transformation of cells has been suggested (Cohen, 1989; Wera and Hemmings, 1994) . In undifferentiated leukemias, phosphatase inhibitor-2 has been demonstrated to inhibit protein phosphatase-2 and accounts for enhanced growth of leukemic cells (Li et al., 1996) . In our study, OVCA cell lines appeared to express lower levels of phosphatase inhibitor-2, which was further diminished by FSH. Thus, OVCA cells may have higher growth potentials that could be further enhanced by FSHmediated downregulation of protein phosphatase inhibitor-2.
NMDA receptor belongs to the family of ionotropic glutamate receptors. The NMDA receptor activation occurs when either glutamate (Glu) or NMDA and glycine (Gly) bind to the receptor molecule. A channel within the receptor complex enables molecules to cross the cell membrane and is blocked by magnesium (Mg). When Mg is removed from the channel and the receptor is activated, calcium (Ca 2+ ) and sodium (Na + ) ions enter the cell and potassium ions (K + ) leave. This receptor mediates alterations in intracellular calcium levels and thereby regulates a variety of signaling pathways, ranging from localized acute effects on receptor channel activities to long-term effects on gene transcription. A study has also established a link between downregulation of the NMDA receptor and neoplasm of the brain (Markert et al., 2001 ). In our study, no significant differences in basal expression levels of the NMDA receptor mRNA expression were observed among the various HOSE and OVCA cell lines. However, the nonmalignant and malignant cell lines exhibited opposite responses to FSH with regard to NMDA receptor expression, which was upregulated in HOSE cells and downregulated in OVCA cells. The precise biological significance of the differential response is unclear. Wang et al. (2000) suggest that upregulation of NMDA receptors in neurons may increase apoptosis. It remains to be ascertained whether FSH-induced reduction in NMDA receptor expression in OVCA cells may affect cell survival by altering recognition to apoptotic-inducing signals.
RNA helicases are present in all organisms, and over 100 such proteins are reported in sequence database. They can unwind short duplex RNAs in an ATPdependent manner (Schmid and Linder, 1992; FullerPace, 1994; Venema et al., 1997) . ATP-dependent helicases are implicated in pre-mRNA splicing, ribosomal biogensis, RNA export from the nucleus, translation initiation, and mRNA decay (Fuller-Pace, 1994; Venema et al., 1997) . In the process of ribosomal biogenesis, RNA helicases play a crucial role both in structural rearrangements and as directional forces during the process, contributing significantly to the efficiency, accuracy, and fidelity of cellular processes. The present study revealed no differences in ATPdependent RNA helicase expression between normal HOSE and OVCA cells; however, FSH reduced the expression of ATP-dependent RNA helicase in OVCA cells and enhanced expression of this gene in HOSE cells. The biological significance of this difference in the process of ovarian carcinogenesis remains to be resolved by future studies.
Lastly, two genes, restin and neogenin, were found to be overexpressed in OVCA cells when compared to HOSE cells. Again, expression of these two genes is upregulated in HOSE cells and downregulated in OVCA cells following FSH treatment. Neogenin is mapped to chromosome 15 in the band 15q22.3-q23 and encodes a 1461-amino-acid protein with 50% amino-acid identity to the human tumor suppressor molecule deleted in colon cancer (DCC) (Vielmetter et al., 1994; Meyerhardt et al., 1997) . Neogenin is believed to be involved in tissue growth regulation, cell-cell recognition, cellular transition from proliferation to terminal differentiation, and cell migration (Vielmetter et al., 1994) . Although neogenin expression has been detected in many adult tissues, there is no information about the status of neogenin expression in the human ovary. Neogenin is present in tissues where active growth takes place, and overexpression of neogenin has been observed in a wide variety of human cancers such as breast, pancreas, brain, cervix, colon, and rectum (Vielmetter et al., 1994; Meyerhardt et al., 1997) . Our finding that neogenin is upregulated in OVCA cells is in agreement with other studies suggesting that it plays a role in cell proliferation (Vielmetter et al., 1994; Meyerhardt et al., 1997) . However, we here report for the first time that downregulation of neogenin expression by an antisense ODN strategy induces dramatic apoptosis in OVCA cell culture, suggesting that neogenin protein is necessary for the survival of OC cells. Collectively, our data demonstrate that normal HOSE does not require neogenin for proliferation/survival but that OC cells do. This functional dichotomy of neogenin between normal and malignant HOSE cells could be a result of changes brought about during neoplastic transformation of normal HOSE cells to malignant OVCA cells. In normal HOSE cells it appears that neogenin has functions other than cell proliferation/survival, since its expression is upregulated by FSH. Neogenin may serve as a tumor promoter in cancer cells by increasing cell proliferation/survival but, interestingly, its expression is downregulated by FSH. The later observation supports a part of epidemiological data implicating FSH as a protective agent against ovarian cancer.
Restin, a 160-kDa protein possessing features characteristic of intermediate filament protein, is mapped to chromosomal region 12q24.31-q24.33 (Hilliker et al., 1994) . It facilitates the microtubule-dependent transport of endosomal vesicles (Poerre et al., 1992; Rickard and Kreis, 1996) . It has also been localized to prometaphase kinetochores and appears to play a role in correct spindle assembly and normal chromosomal segregation (Dujardin et al., 1998) . It is overexpressed in malignant cells of Hodgkin's disease and large-cell lymphoma (Bilbe et al., 1992; Hilliker et al., 1994) , consistent with our finding of higher expression of restin in OVCA cells compared to normal HOSE cells. FSH induces upregulation of restin in HOSE cells, which may disrupt spindle assembly and chromosomal segregation, leading to genetic instability. In this regard, the hormone may promote neoplastic transformation of normal ovarian epithelial cells. Moreover, as shown in the present study, restin is overexpressed in OVCA cells as compared with HOSE cells. The ramification of restin overexpression in OVCA cells is currently unknown, but our results clearly show that it promotes cell proliferation/survival in a manner similar to neogenin. Ironically, FSH has been shown to downregulate restin expression specifically in OVCA cells. If this scenario holds true for OCs, it would support a protective role of FSH by downregulating cell growth-promoting factors in ovarian noeplasms. In short, similar to neogenin, restin appears to play a different role in normal HOSE cells than it does in cancerous OVCA cells. Likewise, its upregulation by FSH in HOSE cells and inhibition by the hormone in OVCA may explain some of the controversial claims in the literature that FSH both promotes and protects against ovarian carcinogenesis.
One of the most interesting findings of this study is that FSH downregulates about 92% of the genes in OVCA cells and either upregulates or downregulates about 50% of the genes in HOSE cells. (The complete gene list is available at http://users.umassmed.edu/Shukmei.ho.) The precise mechanism by which FSH regulates an almost completely different set of genes following cellular transformation is unclear. However, several scenarios have been proposed. FSH binds to specific Gprotein-coupled receptor and stimulates adenylate cyclase to produce cAMP. The activation of cAMP protein kinase PKA results in phosphorylation of certain transcription factors, which bind to cAMP responsive elements (CRE) to induce or repress the expression of FSH-responsive genes (Mukherjee et al., 1998) . These cAMP responsive factors, cAMP binding protein (CREB), and CRE-modulatory protein (CREM) can act as cAMP-regulated stimulators or repressors of gene transcription. Inducible cAMP early repressor (ICER, a member of the CREM family) is a powerful repressor of cAMP-mediated transactivation (Sassone-Corsi, 1998) . Aberrant expression of CREB and/or ICER may explain why FSH would regulate completely different sets of genes in a negative manner in cancer cells.
Although the present study identified FSH-regulated genes in HOSE or OVCA cell lines, and a specific PKA inhibitor was shown to block the expression of identified genes, it remains possible that some of these genes are regulated by FSH only indirectly. This possibility springs from the fact that gene profiling was conducted after cell cultures were treated for 5 days with FSH. During this relatively long period of treatment, many secondary events could have occurred, making it likely that a number of differentially expressed genes may be the results of downstream effects of the hormonal treatment.
Finally, it is of significance that we here report FSHinduced downregulation of a plethora of genes that are vital for cell functions, such as those that are involved in RNA metabolism, regulation of intracellular calcium signaling, synthesis, phosphorylation, folding and degradation of proteins, protection against harmful physiological stresses, and recognition of apoptotic signals, as well as those exhibiting tumor suppressor or oncogenic functions. To our knowledge, none of the genes for which we found downregulation by FSH have been previously reported in normal or malignant human ovarian epithelial cells, and no information is available regarding their regulation by FSH. Microarray has proven to be an effective tool for the discovery of new genes regulated by a specific hormone and for discovery of new genes involved in carcinogenesis and tumor progression. Hence, findings from this study are the first to corroborate FSH as an important regulator of OVCA cell functions and suggest that FSH may be a modulator for ovarian cancer progression, since the hormone 'switches' its regulation to a new set of genes not normally under its influence in normal HOSE cells.
Materials and methods
Cell cultures and cell lines
The origin and culture conditions of HOSE and OVCA cell lines have been previously described (Lau et al., 1999; RauhAdelmann et al., 2000; Syed et al., 2001; Syed et al., 2002) . In short, three HOSE cell lines, HOSE 642, HOSE 6-8, and HOSE 12-12, were derived from normal ovaries obtained from women with noncancer gynecologic indications, specifically, a 46-year-old normal individual, a 48-year-old patient with ovarian inclusion cyst in one of the ovaries, and a 39-year-old patient with ovarian stromal hyperplasia, respectively. Primary cultures were established from surface scrapings of these normal ovaries and immortalized with human papillomavirus E6 and E7 (Tsao et al., 1995) . The immortalized cell lines exhibited uniform epithelial-like morphology; immunopositivity for cytokeratins K7, K8, K18, and K19, and immunonegativity for vimentin. The immortalized HOSE cell lines were shown to be nontumorigenic in nude mice and expressed no CA-125 (Taso et al., 1995) . OVCA 420, OVCA 429, and OVCA 432 were established cell lines derived from patients with late-stage serous ovarian adenocarcinomas, as described by Bast et al. (1981) . These cell lines were cultured at 371C in a humidified atmosphere of 5% CO 2 /95% air in a 1 : 1 mixture of medium 199/MCDB 105 (Sigma, St Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma), penicillin (100 U/ml; Sigma), and streptomycin (100 mg/ml; Sigma). ) and allowed to attach for 24 h. After 48 h, later, medium was replaced with medium 199/MCDB 105 containing charcoal-stripped FBS supplemented with 10 À6 m FSH (Calbiochem, San Diego, CA, USA) (treated) or aqueous saline vehicle (untreated). Cell cultures were subsequently treated daily for 5 days with and without the hormone. The treatment time was chosen based on our previous study (Syed et al., 2001) , in which maximum proliferation of HOSE and OVCA cells was achieved after 5 days treatment of cells with FSH. At the end of the treatment period, cells were harvested from FSH-treated and untreated cultures for total RNA isolation. RNA preparations from this set of cultures were used for cDNA microarray analyses.
For post hoc real-time RT-PCR analyses, a separate set of cultures was exposed to 10 À8 m FSH in the presence or absence of a protein kinase A (PKA) inhibitor. A dose of 10 À8 m of the hormone was chosen because it fell at the midpoint of the dose-response curves previously reported for FSH-induced cell proliferation for these cell lines (Syed et al., 2001) . The protein kinase A selective inhibitor H-89 (N-[2-((p-bromocinnaml)amino)ethyl]-5-isoquinolinesulfonamide), HCl (Calbiochem), with an inhibition constant of 0.048 mm, was added at a final concentration of 10 À5 M to half of the cultures 30 min before treatment with 10 À8 m FSH. We have previously demonstrated that H-89 at this concentration effectively blocked the action of FSH and LH in HOSE/OVCA cells (Syed et al., 2001) . After 5 days of daily treatment with FSH with or without H-89, cells were collected and total RNA was extracted. This experiment was repeated twice.
RNA isolation and microarray experiments
Total RNA was isolated from FSH-treated and untreated cultures using the TRI reagent (Sigma) according to the manufacturer's protocol. RNA integrity was validated according to previously described protocols (Syed et al., 2001 (Syed et al., , 2002 . The MICROMAXt Tyramide Signal Amplification (TSA) labeling and detection kit (NEN, Life Science Products, Inc., Boston, MA, USA) was used according to the protocol provided by the manufacturer. The TSA labeling protocol was chosen because it is a posthybridization amplification system that the permits detection of differential transcript expression in samples with relatively small amounts of total RNA. Briefly, 4 mg of total RNA from the untreated and FSH-treated HOSE/ OVCA cell lines was subjected to cDNA synthesis using biotinylated and fluorescein (FL)-labeled nucleotides, respectively. Equal quantities of two cDNA probes were mixed and hybridized on a cDNAs microarray slide in a Corning microarray hybridization chamber (Corning Inc., Corning, NY, USA) at 651C overnight. The hybridized slides were washed under stringent conditions. The FL-labeled probes on the slide were recognized by an anti-FL antibody that was conjugated to horseradish peroxidase (HRP). The enzyme catalyzed the deposition of cyanine 3 (Cy3)-labeled tyramide on the labeled cDNA. After the inactivation of residual HRP from the first reaction, streptavidin-linked HRP was used to deposit Cyanine 5 (Cy5) tyramide to the biotin-labeled cDNA probe on the slide. The slides were washed extensively and airdried. The hybridized microarray slides were scanned using a ScanArray t confocal laser scanner (GSI Lumonics, Inc., Watertown, CA, USA) at 10 mm pixel resolution for Cy3 and Cy5 signal detection. ImaGene analysis software (BioDiscovery, Inc., Los Angeles, CA, USA) was used to quantify Cy3 and Cy5 signals on each spot. For each spot, the average intensity of all pixels within intensity values falling in the range of 50-95% of maximal intensity was calculated (the 'signal intensity'). The 'background signal' was calculated from the average intensity of pixels within 5-15% of maximal intensity in the background ring immediately outside the spot of interest on the cDNA microarray. The 'corrected signal intensity' for each spot is calculated as the 'signal intensity' minus the 'background signal'. The complete list of the 2400 genes that were spotted as cDNAs on the MICROMAX microarrayt can be found at http://www.nen.com/products/gene-list5.txt.
Identification of differentially expressed genes using t-statistics
Before data from the same slide or from different slides could be compared, it was necessary to normalize the data (i.e., remove or adjust for intrinsic and extrinsic variations) (Yang et al., 2000) . For within-slide normalization, the global median normalization method was used in this study. It assumes that the red and green intensities are related by a constant factor, that is, R ¼ kG, and the center of the distribution of log ratios is shifted to zero: thus log 2R=G ! log 2R=G À c ¼ log 2R=ðkGÞ
For normalization of a particular gene set, we used the median of the intensity log ratios M as the location parameter c ¼ log 2k. After within-slide normalization, all normalized log ratios were centered around zero. In order to compare expression levels across different slides, we applied the same normalization principles used for within-slide normalization. In this study, we chose to use all genes for normalization instead of using the microarray housekeeping gene pool for normalization because, as elaborated by Yang et al. (2000) , this approach offers the most stability in terms of estimating space-and intensity-dependent trends in the log ratios.
Differentially expressed FSH-regulated genes were then identified by computing two-sample Welch t-statistics as previously described (Callow et al., 2000) . Briefly, the normalized DNA microarray data of gene expression profiles for untreated (n 1 ¼ 3) and FSH-treated HOSE/OVCA cells (n 2 ¼ 3) were presented as a matrix in which columns correspond to n 1 and n 2 and rows correspond to 2400 genes (cDNA spots on the MICROMAXt microarray slide). Null hypothesis H j of equal mean expression of untreated and FSH-treated HOSE/OVCA cells for gene j (j ¼ 1, 2, 3,y, 2400) was tested. For gene j, the t-value was calculated as follows:
where w 1j and w 2j denote the mean expression of gene j in untreated (n 1 ) and FSH-treated (n 2 ) HOSE/OVCA cells lines, respectively. The s 2 1j and s 2 2j denote the variances of gene j in untreated and FSH-treated HOSE/OVCA cell lines, respectively. The t-value for each gene was calculated; a large absolute t-value suggests that the corresponding gene shows potentially significant differences in expression levels between the untreated cell lines and the FSH-treated cell lines. Evidence against the null hypothesis (the P-value) for each gene was also obtained. Genes with an absolute t-value>2 and a P-value o0.05 were recognized as genes whose expression was significantly altered by FSH in all three cell lines of the group (HOSE or OVCA).
Post hoc analyses using real-time RT-PCR quantification of mRNA expression levels After DNase I treatment, 1 mg of total RNA preparation obtained from a HOSE or OVCA cell line, treated with FSH or untreated, was used to generate the cDNA. To quantify and demonstrate the integrity of the isolated RNA, real-time RT-PCR analysis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was carried out using mRNA-specific primers. The SYBER Green-iCycler (BioRad, Hercules, CA, USA) detection system was used to assess, via real-time RNA-PCR, the amount of targeted transcript present in each sample. Briefly, 2 ml of cDNA derived from reverse transcription of a RNA sample was amplified in triplicate in a 25 ml reaction mixture containing 12.5 ml of 2 Â SYBER Green Master Mix and 10 pmol of each primer. Each PCR reaction was optimized to ensure that a single PCR product of the appropriate size (50-200 bp) was amplified and that no products corresponding to genomic DNA amplification or primer-dimer pairs were present. The following PCR cycling conditions were performed for the generation of all amplimers: 10 min at 951C, 50 cycles for 951C for 1 min, 601C for 1 min, and 721C for 1 min. PCRs for all templates were performed in triplicate in a 96-well plate format, along with positive and negative controls as well as a calibrator sample. The data shown are averages of two separate experiments with triplicate real-time RNA-PCR performed on each sample and are represented as means7 s.e.m.s.
Transfection of HOSE/OVCA cells with gene-specific antisense oligonucleotides (ODNs)
Phosphothioate-modified antisense oligonucleotides (ODNs) for rap1GAP, neogenin, and restin were designed to have complementary binding to the translation start sites of the targeted mRNAs (antisense and sense ODNs for each mRNA from MWG Biotech, High Point, NC, USA). The sequence and the modified bases were as follows: rap1GAP antisense ODN is 5 0 -G*C*A*TCTTCT CAATCAT*C*T *C-3 0 and sense ODN is 5 0 -G*A*G*ATGATTGAGA*T*G*C-3 0 , neogenin antisense ODN is 5 0 -G*C*C*ATCTCTTCCCCG*A*-G*A-3 0 and sense ODN is 5 0 -T*C*T* CGG GGA AGA GAT* G*G*C-3 0 , and restin antisense ODN is 5 0 -G*G*C* TTT AGC ATA CTC A*T*T*T-3 0 and sense ODN is 5 0 -A*A*A* TGA GTA TGC TAA A*G*C*C-3 0 . Lyophilized ODNs were reconstituted in sterile distilled water and stored at À201C. The uptake of phosphothioate ODNs by cells was facilitated using LipofectAMINE PLUS (Life Technologies, Inc, Rockville, MD, USA). Approximately, 60-80% confluent cells were transfected with antisense or sense ODNs (1.25, 2.5, and 5 mm) in serum-free medium for 3 h at 371C, incubated with complete medium for 24 h, and treatment was repeated once before termination of cultures for RNA extraction. For each ODN, triplicate cultures were transfected for each of the three doses. Cell proliferation was measured either by cytometer counting or by spectrophotometry. In some cases, the cells were harvested by scraping, washed with PBS, pelleted and counted using a hemocytometer. In other cases, proliferation was measured by using Promega's Cell Titer Aqueous assay, in which viable cells convert MTS tetrazolium into a formazan-colored product. After the incubation period, 400 ml of the MTS/MPS/medium solution was added to each well and plates were incubated for 4 h in a humidified atmosphere. To determine the cell number in each well at the end of the incubation period, the amount of formazan formed was measured as absorbance at 490 nm in a spectrophotometer. Assays were performed in triplicate to generate mean values for control and each treatment group. Cell number, as measured by the rate of formazan formation in control wells with untreated cells, was considered to be 100%. Data points in all figures are group mean values 7standard deviations from three separate experiments.
Semiquantitative reverse transcription (RT)-PCR
Relative expression levels of rap1GAP, neogenin, restin, and proliferating cell nuclear antigen (PCNA) transcripts were determined by RT-PCR 48 h after the second transfection of ODNs. The data shown are means of triplicate cultures for each ODN at the three concentrations and are represented as means7s.e.m.s.
Caspase activity assay
After ODN treatment, the detached cells were harvested by centrifugation at 400 g for 10 min at room temperature, washed once with PBS, and the cell pellets were held on ice. The adherent cells were washed twice with PBS, scraped off in 50 ml of ice-cold lysis buffer included in the caspase assay kits (Clontech Laboratories, Palo Alto, CA, USA), and pooled with the detached cells. The cell lysates were microcentrifuged at maximum speed for 3 min at 41C to precipitate cellular debris. Supernatants were transferred to new tubes. A volume of 50 ml of the supernatant was added to each well. After 50 ml 2 Â reaction buffer/DTT Mix and 5 ml of 1mm caspase substrate (DEVD-pNA; 50 mm final concentration) were added to each reaction, the mixture was incubated at 371C for 1 h. Absorbance was recorded on a plate reader at 405 nm. The net increase of absorbance was indicative of enzyme activity.
Cell invasion assay
Clontech Biocoatt Matrigelt Invasion chambers were used to assess the invasive property of OVCA cells in vitro. Matrigel chambers were rehydrated at 371C for 2 h. Control cells or antisense rap1GAP ODN-treated OVCA cells (2.5 Â 10 4 cells, OVCA 420, OVCA 429, and OVCA 432) as described above were cultured in Matrigel Invasion Chambers for 22 h in humidified atmosphere at 371C. Serum was used as the chemoattractant. We used ovarian cancer cell line SKOV3 as a positive control. After 22 h, noninvading cells were removed from the upper surface of the membrane by scrubbing. The cells on the lower surface of the membrane were fixed for 2 min in 100% methanol and stained in 1% toluidine blue in 1% sodium borate for 2 min. Excess stain was removed by rinsing the insert with water. Membrane was removed from the insert and placed on a microscopic slide on which a small drop of immersion oil had been placed. The cover slip was placed on the slide and cells were counted. Percent invasion was determined by dividing the mean number of antisense-treated cells invading through Matrigel insert membrane by the mean number of control cells migrating through control Matrigel insert membrane multiplied by 100. The assay was run in triplicate.
